D endritic cells (DC)
3 play an essential role in bridging the innate and adaptive immune systems and in promoting the Ag-specific activation and expansion of CD8 ϩ and CD4 ϩ T cells (1) . Thus, vaccine developers are interested in targeting Ags and viral vectors to DCs. Among viral vectors, recombinant adenoviruses (rAd) have emerged as promising vaccine delivery systems (2) . Replication-incompetent rAd5 has the ability to stimulate both the innate and adaptive immune systems (3) (4) (5) (6) . This platform is being used to produce several HIV vaccine products currently in human testing. However, high seroprevalence of adenovirus (Ad) 5 within human populations, especially in Africa, may limit its clinical utility (7) . Also, rAd5 has shown poor transduction efficiency in monocyte-derived DCs (8 -10) . Therefore, alternative Ad serotypes have been studied as vaccine vectors. Ad35 is of high interest given that it is a serotype with low seroprevalence worldwide.
In this study, we characterized the ability of rAd5 and rAd35 to infect and induce maturation of freshly isolated human CD11c ϩ myeloid DCs (MDCs) and CD123 ϩ plasmacytoid DCs (PDCs). We found that both DC subsets were more susceptible to rAd35 than to rAd5. In addition, rAd35 but not rAd5 induced high levels of IFN-␣ in PDCs and phenotypic differentiation in both DC subsets. We constructed rAd5 and rAd35 that encoded for the immunodominant human CMV protein pp65. Both rAd5-and rAd35-pp65-infected DCs were able to stimulate pp65-specific activation of autologous human memory CD8 ϩ and CD4 ϩ T cells. Responding T cells expressed multiple functions including degranulation (CD107a) and production of IFN-␥, IL-2, TNF-␣, and MIP-1␤. These findings have important implications for the future use of rAd-vectored vaccines in human subjects, and suggest that alternative adenovirus serotypes may offer advantages over existing vectors.
Materials and Methods

DC isolation
This study was approved by the National Institutes of Health Institutional Review Board. Our sorting procedures for direct isolation of subsets of DCs from blood have been described previously (11) (12) (13) . Briefly, PBMCs were collected from healthy normal CMV-seropositive blood donors by automated leukapheresis. Enriched populations of lymphocytes and monocytes were obtained by counterflow centrifugal elutriation. MDCs and PDCs were isolated from elutriated monocytes using magnetic bead isolation including DC isolation kits (Miltenyi Biotec) followed by sequential separation on AutoMacs (Miltenyi Biotec). The BDCA-4 and the CD1c isolation kits were used for isolation of PDCs and MDCs, respectively. After this purification, the subsets of DCs were highly enriched (on average, Ͼ85% PDCs and Ͼ85% MDCs) as determined by staining for the lineage markers (CD3, CD14, CD15, CD20, and CD56), HLA-DR, CD123, and CD11c, respectively. Any contaminating cells were CD14 penicillin, and 10% FCS (Invitrogen Life Technologies). To maintain viability, the media for PDCs and MDCs were supplemented with the recombinant human cytokines IL-3 (1 ng/ml; R&D Systems) and GM-CSF (2 ng/ml; PeproTech), respectively.
Construction of rAds
E1/E3-deleted, replication-incompetent Ad5 or Ad35 vectors were generated in PER.C6/55K cells using pBR322-based adaptor plasmid pAdApt535 together with cosmid pWE.Ad.AfllII-rITR⌬E3 or pWE.Ad35.pIX-rITR⌬E3 essentially as previously described (14 -16) . The adaptor plasmids contained the left portion of the Ad genomes (nt 1-454 in Ad5 or nt 1-464 in Ad35), followed by transcriptional control elements and the adaptor Ad DNA region (nt 3511-6095 in Ad5 or nt 3401-4669 in Ad35). The GFP gene and CMV pp65 gene optimized for high levels of expression in mammalian cells were cloned into the expression cassette in the adaptor plasmids. The resulting pAdApt-GFP and pAdApt535-pp65 plasmids expressed the GFP or pp65 genes under transcriptional control of the human, full-length, immediate-early CMV promoter and the SV40 polyadenylation signal. These plasmids were linearized and transfected into PER.C6/55K cells together with the cosmid pWE.Ad.AfllII-rITR⌬E3 or pWE.Ad35.pIX-rITR⌬E3 containing the right portion of the Ad genomes using Lipofectamine (Invitrogen Life Technologies). Ad vectors in crude lysates were plaque purified using limiting dilutions and agar overlays, and Ad vector clones were analyzed for the presence and expression of the transgene. Positive clones were amplified for large-scale production using PER.C6/55K cells in 24 -48 triple-layer 3-ϫ 175-cm 2 flasks. Stock viruses were purified by standard two-step CsCl gradient ultracentrifugation and dialyzed three times into PBS containing 5% sucrose. Purified Ad vectors were aliquoted and stored at Ϫ80°C. Total virus particle (vp) titers were determined by HPLC. Infectivity was assessed by plaque assays using PER.C6/55K cells.
rAd5 and rAd35 infection and stimulation of DCs
The sorted DC populations were cultured at 1 ϫ 10 6 cells/ml (with no Ͻ0.25 ϫ 10 6 cells/tube) for 12 h at 37°C in polystyrene round-bottom tubes (BD Biosciences). The DCs were thereafter exposed to either rAd5 or rAd35 encoding for GFP at different doses of ip per cell and cultured for 24 h. To induce maturation, the DCs were stimulated by TLR7/8 ligand provided by 3 M Pharmaceuticals (17) as previously described (11) (12) (13) .
Phenotypic characterization of DCs
Cells were harvested, washed in PBS supplemented with 0.5% BSA, and surface stained with different combinations of anti-CD11c, -CD123, -CD3, -CD4, -CD14, -CD20, -CD40, -CD80, -CD83, and -CD86 and anti-HLA-DR Ab (BD Pharmingen) for 15 min at 4°C and thereafter washed as previously described (11) (12) (13) . For characterization of expression of the receptors for rAd5 and rAd35, the cells were stained with anti-CAR (clone RmcB; Upstate) and anti-IgG1-PE (BD Biosciences) or anti-CD46 PE (clone MEM-258; Serotec). The cell lines 293T, Chinese hamster ovary (CHO), and CHO-B cell line (BCL; obtained from American Type Tissue Collection), were used as controls for the staining. Staining of integrins were performed with anti-␣ V ␤ 3 integrin (clone LM609; Chemicon International) and anti-␣ V ␤ 5 integrin (clone P1F6; Chemicon International). The cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences) or on a modified LSR II (BD Biosciences). All data were evaluated by FlowJo software (Treestar).
Inhibition assay of rAd infection
The DCs were exposed to rAd5 and rAd35 encoding for GFP at different doses of ip per cell in the presence or absence of neutralizing Ab to CAR (clone RmcB from Upstate or clone E1-1 from Abcam; Refs. 18 -20) or to CD46 (clone M177 from Hycult Biotechnology or clone 13/42 from BMA Biomedicals; Ref. 21 ) and cultured for 24 h. The cell lines 293T, A549, and HeLa (obtained from American Type Tissue Collection) were used as controls for the inhibition assays. The numbers of infected cells were determined by GFP expression using flow cytometry.
Measurement of IFN-␣ release
The supernatants from rAd-exposed and unexposed DCs were harvested and analyzed by ELISA (Biosource International) according to the manufacturer's instructions (11) (12) (13) .
Intracellular staining of IFN-␣ in PDCs
The DCs were exposed to rAd5 or rAd35 encoding for GFP or to TLR7/8 ligand for indicated time points at 37°C in polystyrene round-bottom tubes.
The DCs were then fixed and permeabilized with BD Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer's instructions and then stained with anti-IFN-␣-FITC (clone MMHA-11; PBL Biomedical Laboratories) for 15 min at 4°C, washed, and resuspended in 1% paraformaldehyde. Expression of IFN-␣ was analyzed by a FACSCalibur flow cytometer. 
Isolation of T cells
Coculture of rAd-infected DCs with autologous CD4
ϩ T cells rAd exposed or unexposed DCs were washed in prewarmed media by centrifugation. The DCs were then cocultured with the sorted autologous T cells in a DC:T cell ratio of 1:10 in complete medium in polystyrene roundbottom tubes. The DC-T cell cocultures were conducted for 6 h with addition of monensin (Golgistop; BD Pharmingen; 0.7 l/ml), brefeldin A (Sigma-Aldrich; 10 g/ml), and anti-CD107a-Alexa 680 (22) . As positive controls for recall responses to CMV, the DCs were pulsed with overlapping peptides to CMV pp65, 15-mers overlapping by 11 (4 g of peptide per ml).
Abs for polychromatic flow cytometric analysis of T cell responses
The following Ab panel was used to assess the magnitude and quality of induced T cell responses: CD3-Cy7APC, IFN-␥-FITC, MIP-1␤-PE, IL-2-APC, TNF-␣-Cy7PE (all from BD Pharmingen); CD4-Cy5.5PE (Caltag); CD45RO-ECD (Beckman Coulter); CD107a-Alexa 680, CD14-Cascade blue, CD19-Cascade blue, CD27-Cy5PE (conjugated according to standard protocols; see http://drmr.com/abcon/index.html); and CD8-QD705 and CD57-QD565 (conjugated as described (23) . Unconjugated Abs were obtained from BD Pharmingen. Q-Dots, Alexa 680, and Cascade blue were obtained from Invitrogen Life Technologies; Cy5 was obtained from Amersham Biosciences, and PE was from ProZyme. A violet fluorescent-reactive dye, ViViD (Invitrogen Life Technologies) was used as a viability marker to exclude dead cells from the analysis as described (24) . All Abs were pretitered for optimal staining.
Polychromatic flow cytometric analysis of DC-mediated activation of CMV-specific T cells
After incubation, the cocultures of DCs and T cells were harvested, washed, and stained with the described surface Abs. Cells were then washed and permeabilized using the Cytofix/Cytoperm kit (BD Pharmingen) according to the manufacturer's instructions. After an additional two washes in the supplied buffer, cells were stained intracellularly with Abs specific for CD3, cytokines, and chemokines. Cells were then washed and fixed in PBS containing 1% paraformaldehyde. Fixed cells were stored at 4°C in the dark for no longer than 24 h. Stained cells were analyzed on a modified LSR II (BD Immunocytometry Systems). At least 700,000 cells were collected. All data were evaluated by FlowJo software. Forward scatter-area vs forward scatter-height parameters were used to gate out cell doublets. Next, dead cells, CD14 ϩ monocytes, and CD19 ϩ B lymphocytes were detected in the same channel and excluded from analysis. A small lymphocyte gate was set based on forward and side scatter properties. A CD3 ϩ gate was created to select T cells, followed by analysis of T cell subsets. CD8 ϩ T cells were selected by first gating out CD4 ϩ cells and subsequently gating on CD8 ϩ cells. Alternatively, CD4 ϩ T cells were selected by first gating out CD8 ϩ cells and then gating on CD4 ϩ cells. All T cell markers were plotted vs IFN-␥ to observe and include stimulated cells that had down-regulated surface marker expression. Functional analysis was performed for each T cell subset by gating on cells positive for each of the five functional parameters: CD107a, IFN-␥, IL-2, MIP-1␤, and TNF-␣. Negative control samples were used to set single function gates, and gates were placed consistently across samples. Boolean combinations of single function gates were then created using FlowJo software to determine the frequency of each response based on all possible combinations of the five functions. Thus, each responding cell is defined by a unique functional response. Background responses detected in negative control tubes were subtracted from those detected in stimulated samples for every functional combination.
Analysis of T cell functional profiles
The data analysis program, Simplified Presentation of Incredibly Complex Evaluations (SPICE; from Mario Roederer, Vaccine Research Center, National Institute of Allergy and Infectious Diseases, National Institutes of Health) was used to analyze and generate graphic representations of T cell responses detected by polychromatic flow cytometry. All data were background subtracted using the unstimulated controls for either MDCs or PDCs cocultured with T cells. A lower threshold was calculated using SPICE, and all data less than this threshold were set to zero.
Statistical analyses
Statistical analyses were performed using Wilcoxon's paired t test or the Mann-Whitney unpaired t test with Graph Pad Prism software.
Results
Human primary DC subsets are more susceptible to rAd35 than to rAd35
Most studies of DC susceptibility to vaccine vectors have utilized in vitro monocyte-derived DCs to model the DCs that circulate in vivo. To provide a more physiological system, we investigated human CD123
ϩ PDCs and CD11c ϩ MDCs directly isolated from blood. PDCs and MDCs are both important APCs, but they originate from different lineages and exhibit some distinct differences, which is why both DC subsets are important to investigate for vaccine development. MDCs are superior in priming naive T cell responses, whereas PDCs are unique producers of type I IFNs, and the interactions between the DC subsets may play a significant role in induction of immunity (25) (26) (27) . We exposed PDCs and MDCs to different amounts of replication-incompetent rAd5 and rAd35 encoding for GFP. Cells infected with these vectors express the encoded insert but will not produce infectious particles that can spread the infection to other cells. The DCs were harvested after 24 h, and the number of infected cells was determined by analyzing expression of GFP using flow cytometry. No stimulation of the DCs was performed to induce expression of the vector inserts. We found that MDCs were significantly more susceptible to both rAd5-GFP and rAd35-GFP than were donor-matched PDCs (Fig.  1A) . At 100 ip of rAd35-GFP per cell, GFP was expressed in 56.4 Ϯ 10.4% (mean Ϯ SEM) of MDCs as compared with 35.3 Ϯ 14.9% of donor-matched PDCs (n Ն 4; p Ͻ 0.033). At 100 ip of rAd5-GFP per cell, GFP was expressed in 6.2 Ϯ 1.2% of MDCs as compared with 0.7 Ϯ 0.3% of PDCs (n Ն 4, p Ͻ 0.004). Both DC subsets were more susceptible to rAd35 than to rAd5 (n Ն 4, p Յ 0.014; Fig. 1A ). When compared with nonexposed DCs, cell viability tended to be lower in the DCs that were exposed to very high inocula (Ն100 ip per cell) of rAd35. The cell viability was not affected in the DC cultures exposed to rAd5 at any of the doses tested (1-200 ip per cell).
As mentioned above, no stimulation of the DCs was performed before exposure to the rAds. The DCs were therefore phenotypically immature when they were exposed. We found that the infection rates decreased if we first stimulated the DCs with TLR7/8 ligand for 24 h to induce differentiation and then exposed them to rAd (data not shown). Immature MDCs showed GFP expression in 18.9 Ϯ 4.3 and 29.4 Ϯ 6.2% of the cells after rAd35 and rAd5 exposure, respectively, whereas 7.5 Ϯ 1.3 and 15.0 Ϯ 2.3% of TLR7/8 ligand-stimulated mature MDCs showed infection. Therefore, mature DCs may be less susceptible to both rAd5 and rAd35 than immature DCs. In contrast, if the DCs were exposed to rAd and stimulated with TLR7/8 ligand simultaneously, there was a trend toward more infection. GFP was expressed in 15.0 Ϯ 0.7 and 21.8 Ϯ 6.3% of unstimulated MDCs exposed to rAd5 and rAd35, respectively, as compared with 30.7 Ϯ 3.2 and 26.4 Ϯ 5.6% of donor-matched MDCs that were stimulated with TLR7/8 ligand and exposed to rAd5 or rAd35 at the same time (n ϭ 4). However, defining infection through the detection of GFP reporter gene expression and not PCR for other Ad gene products may underestimate the true infection frequency given that CMV promoter activity can vary in different cell types (28) .
To compare the rAd5 and rAd35 susceptibility of DCs to other immune competent cells, we exposed donor-matched sorted populations of CD14 ϩ monocytes, CD3 ϩ T cells, and CD19 ϩ B cells to rAd5 and rAd35 encoding for GFP. Both the DC subsets and monocytes were found to be more susceptible to rAd35 than to rAd5 (Fig. 1B) . MDCs were the cell type most susceptible to rAd35, whereas monocytes and PDCs were approximately equal in their capacity to take up rAd35. In contrast, whereas PDCs were found to exhibit a rather low susceptibility to rAd5, in most donors monocytes showed the highest susceptibility to rAd5 (Fig. 1B) . Finally, low or undetectable levels of GFP ϩ cells were observed after T and/or B cells were exposed to rAd5 or rAd35 (Fig. 1B) . FIGURE 1. Susceptibility of MDCs and PDCs to rAd5 and rAd35. A, Directly isolated MDCs and PDCs were exposed for 24 h to different doses of rAd vectors 5 and 35, respectively, both encoding GFP. GFP-expressing cells were analyzed by flow cytometry. Both DC subsets were more susceptible to rAd35-GFP than rAd5-GFP, and MDCs were more susceptible than PDCs. B, Different cell populations were exposed for 24 h to rAd5 and rAd35, respectively, both encoding GFP. Again, both DC subsets were more susceptible to rAd35-GFP than to rAd5-GFP, and MDCs were more susceptible than PDCs. Whereas monocytes were susceptible to both rAd5 and rAd35, B and T cells were not susceptible to either rAd5 or rAd35. One representative donor of at least three is shown.
High expression of the receptor for Ad35 but not for Ad5 on DCs
We investigated the expression of the relevant receptors used for Ad5 and Ad35 entry into cells. CAR and CD46 have been identified as the primary receptors for Ad5 and Ad35, respectively (29, 30) . MDCs, PDCs, monocytes, T cells, and B cells all expressed CD46 on their cell surface ( Fig. 2A) . As positive and negative controls ( Fig. 2A) , we used 293T cells (which express CD46) and CHO-R cells (which do not). In contrast to their uniform expression of CD46, MDCs, PDCs, monocytes, T cells, and B cells did not show detectable levels of CAR on their cell surface (Fig. 2B) . CAR-transfected CHO-BCL cells and CAR Ϫ CHO-R cells were used as positive and negative controls, respectively, for the CAR staining (18) . We did not see significantly different levels of expression of either CD46 or CAR in the various cell populations tested, indicating that the differences in susceptibility found among PDCs, MDCs, monocytes, T cells, and B cells are unlikely related to receptor expression.
Blocking of CD46 inhibits rAd35 infection of DCs
To further examine the pathways used by rAd5 and rAd35 for infection, we exposed DCs to either rAd35-GFP or rAd5-GFP for 24 h in the presence or absence of neutralizing Abs to CD46 or CAR. Using different doses of neutralizing Abs to either the short consensus repeat 2 domain of CD46 (clone M177) or the short consensus repeat 1 and 2 domains combined (clone 13/42), we were able to efficiently block infection of rAd35 in DCs whereas rAd5 infection was not affected (Fig. 2C) . The Ab-mediated inhibition of rAd35 infection was dose dependent. In contrast, we were unable to inhibit rAd5 infection in DCs using either of the two Abs to CAR (clones RmcB and E1-1) that decreased but did not completely block rAd5 infection in A549 human lung carcinoma cells (clone E1-1, 4-fold inhibition) and HeLa cells (clone RmcB, Ͻ50% inhibition; Refs. 18 -20) . Preincubation of DCs with anti-CAR Ab for 1 h before addition of rAd5 had a small effect on infection (Fig. 2D) . This suggests that rAd5 may also use CAR independent receptor(s) like undefined heparin-sensitive receptors and/or lactoferrin receptor to infect DCs as suggested for other cell types (31, 32) . The doses of either anti-CD46 or anti-CAR Ab that were used did not affect the viability of the DCs (data not shown).
Because CD46 clearly was used as the primary receptor for rAd35 entry into the DC subsets, we examined its expression in more detail. We found that phenotypic maturation of DCs induced by either rAd35 exposure or TLR7/8 ligand stimulation led to a notable up-regulation of CD46 (data not shown). In addition, the greatest increase in CD46 expression was found in the GFP ϩ DCs as compared with the GFP Ϫ DCs within the same culture (Fig. 2E ). This pattern was evident for both PDCs and MDCs and may be explained by a more mature phenotype in infected cells that is accompanied by higher CD46 expression. Alternatively, this fraction of DCs could have exhibited higher CD46 at the time of exposure to rAd35 and thus were the most susceptible to infection. Up-regulation of CD46 with rAd35 exposure has been demonstrated earlier in CD34 ϩ bone marrow-derived DCs (33). We did not see any alteration of CD46 expression with rAd5 exposure (data not shown).
Phenotypic differentiation of DCs occurs after rAd35 exposure
As mentioned earlier, we found that both MDCs and PDCs were susceptible to rAd5 and rAd35 without prior activation or DC maturation (Fig. 1A) . We next asked whether rAd exposure leads to FIGURE 2. rAd35 uses CD46 for infection while rAd5 may use a CAR independent pathway. A and B, CD46 and CAR expression was assessed on various cell populations. The histograms show stained cells (black lines) vs the unstained control (gray shaded histogram) for each cell type. CHO-BCL and CHO-R cell lines were used for CD46 positive and negative controls, respectively, whereas 293T and CHO-R cell lines were used as the CAR-positive and -negative controls, respectively. Monocytes, MDCs, PDCs, B cells, and T cells expressed CD46 (A), whereas CAR expression (B) was undetectable on these cell types. C and D, MDCs were exposed to either rAd5-GFP or rAd35-GFP for 24 h in the presence and absence of neutralizing anti-CD46 and anti-CAR Ab. Values are the percent inhibition (mean Ϯ SEM) of infection of either rAd5 (gray bars) or rAd35 (black bars). C, Infection of MDCs by rAd35, but not rAd5, was effectively blocked in the presence of either of the two clones of anti-CD46-neutralizing Ab. D, Infection of MDCs by rAd5 and rAd35 was not or poorly blocked in the presence of either of the two neutralizing anti-CAR Ab if anti-CAR and rAd5 exposure occurred simultaneously, whereas preincubation with anti-CAR clone E1-1 showed partial blocking of Ad5 infection. E, CD46 expression was found to be higher on rAd35-infected GFP ϩ DCs than GFP Ϫ DCs within the same culture. phenotypic maturation of DCs, which could facilitate optimal stimulation of T cell responses. Exposure of DCs to rAd5 led to limited or no phenotypic differentiation in either MDCs or PDCs as evidenced by incomplete or no up-regulation of the costimulatory molecules CD40 and CD80 (Fig. 3A) . However, exposure of DCs to rAd35 led to full maturation that exceeded the differentiation induced by rAd5. The phenotypic differentiation induced by rAd35 was similar to that induced by TLR7/8 ligation which is known to stimulate full maturation of DCs (11) (12) (13) . These differential maturation patterns found after rAd5 and rAd35 exposure were further examined after exposure to various doses of rAd5 and rAd35. We found that some maturation was evident after exposure to as little as 0.5 ip/cell of rAd35, whereas no or very low maturation was evident using 200 ip/cell of rAd5 (Fig. 3, B and C) . Even if the numbers of infected (GFP ϩ ) DCs were equalized by adjusting the doses of rAd5 and rAd35, the DCs exposed to rAd35 showed much more phenotypic differentiation than DCs exposed to rAd5 (Fig. 3, B and C) . This suggests that rAd35 more efficiently triggers signaling pathway(s) that leads to phenotypic maturation of DCs than does rAd5. To examine whether this increase in phenotypic maturation was associated with actual infection of the DCs by the rAds, we analyzed the phenotype in the GFP ϩ DCs vs the GFP Ϫ DCs within the same culture. In MDCs, the GFP ϩ cells were not notably different in their cell surface expression of CD40, CD80, and HLA-DR than the GFP Ϫ cells (data not shown). This was found after either rAd5 or rAd35 exposure. In contrast, GFP ϩ PDCs generally exhibited higher levels of these markers than the GFP Ϫ cells, suggesting that the infected cells were more mature than their noninfected counterparts (Fig. 3D) .
IFN-␣ production is induced by rAd35 infection
We found that rAd35 but not rAd5 induced production of high amounts of IFN-␣ (Fig. 4) . IFN-␣ was mainly found in the PDC cultures. As little as 1 ip of rAd35 per PDC induced detectable IFN-␣ 24 h after exposure (Fig. 4A) . The levels of IFN-␣ produced by PDCs increased with higher doses of rAd35 with the highest dose tested (100 ip/cell) inducing levels of IFN-␣ similar to those found after TLR7/8 ligand stimulation (Fig. 4A ). Exposure to rAd5 induced only minimal (Ͻ263 pg/ml) IFN-␣ production from PDCs, even at the highest inoculum tested. The high secretion of IFN-␣ by PDCs was very low or undetectable if the rAd35 exposure was conducted in the presence of anti-CD46 Ab, indicating that infection by rAd35, or at least receptor engagement, is required to induce IFN-␣ production (data not shown). No or low levels of IFN-␣ were also detected in the supernatants of MDCs exposed to rAd35. However, we were unable to detect IFN-␣ in MDCs by intracellular staining which may indicate that the IFN-␣ found in the supernatants from MDC cultures could come from a few contaminating PDCs within the MDC population (data not shown).
The kinetics of IFN-␣ production in PDCs was assessed using intracellular detection of IFN-␣ by flow cytometry. Production of IFN-␣ occurred rapidly after TLR7/8 ligation; IFN-␣-expressing PDCs were found after only 2 h (Fig. 4B) . In contrast, IFN-␣ was first detected after 4 h of rAd35 exposure. IFN-␣ expression in PDCs (after either TLR7/8 ligation or rAd35 exposure) peaked around 7 h and was declining by 17 h. Very few or no PDCs expressed IFN-␣ after exposure to rAd5 (Fig. 4B) .
DCs use rAd-encoded Ags to activate Ag-specific T cell responses
We next assessed whether the differences found in infectivity and maturation of DCs induced by rAd5 and rAd35 would affect their ability to induce fully functional Ag-specific memory T cells responses. For these experiments, we used healthy CMV-seropositive subjects with documented CMV-specific T cell responses to model Ag presentation by DCs and assess the functionality of the recall responses induced by rAd-infected DCs. We therefore constructed rAd5 and rAd35 that encoded for the CMV protein pp65. MDCs and PDCs were exposed for 24 h to either rAd5-pp65 or rAd35-pp65. They were then washed and cocultured with purified autologous T cells. Polychromatic flow cytometry was used to examine the functional complexity of the induced recall T cell responses. We have developed a flow cytometric assay to measure simultaneously and individually degranulation (CD107a mobilization) and IFN-␥, MIP-1␤, TNF-␣, and IL-2 production in responding Ag-specific T cells (22) . Using this assay, we were able to dissect the quantity and quality (polyfunctionality) of the pp65-specific T cell responses that were stimulated. We compared the total magnitude of CD8 ϩ and CD4 ϩ T cell responses stimulated by different APCs exposed to either the rAd5 or rAd35 (Figs. 5A and 6A) and also the functional profiles generated (Figs. 5B and 6B) .
The numbers of responding T cells that were detected with rAd5-pp65 and rAd35-pp65 were compared with the numbers found in cocultures stimulated with exogenously added overlapping peptides for pp65. We found that both MDCs and PDCs were able to activate pp65-specific T cell responses after exposure to either rAd5 or rAd35 encoding for pp65 in a dose-dependent manner (Figs. 5 and 6 ). DCs exposed to rAd35-pp65 induced more pp65-specific T cells to respond than did rAd5-pp65-exposed DCs.
When exposed to rAd35-pp65, both MDCs and PDCs were able to induce significantly more CD8 ϩ T cells to respond than when they were exposed to the same dose of rAd5-pp65 ( p ϭ 0.047 and p ϭ 0.017, respectively) (Fig. 5A) . This difference was also shown for stimulation of CD4 ϩ T cell responses ( p ϭ 0.035 and p ϭ 0.035, respectively; Fig. 6A ). Although the highest dose (100 ip/cell) of rAd35-pp65 did not stimulate as many T cells to respond as was observed using overlapping peptides, rAd35-pp65 was still shown to be a potent source of pp65 Ag through which DCs could present and activate T cell responses. There was no significant difference in the magnitude of either CD8 ϩ or CD4 ϩ T cell responses stimulated by donor-matched rAd35-pp65 exposed MDCs or PDCs ( p ϭ 0.422 CD8 and p ϭ 0.148 CD4, respectively), indicating that both the DC subsets were equal in their ability to use rAd35-derived pp65 as a source of Ag. Whereas MDCs were able to activate pp65-specific responses after exposure to rAd5-pp65, PDCs were poor stimulators of T cells after rAd5-pp65 exposure. In some experiments (n ϭ 2), the T cell responses found with rAd5-or rAd35-exposed monocytes were compared with the responses seen with donor-matched MDCs and PDCs. Monocytes induced notably lower CD8 ϩ and CD4 ϩ T cell responses than did either MDCs or PDCs after rAd35 exposure. However, only MDCs and not PDCs were superior to monocytes at activating T cells after rAd5 exposure. Consistent with the lack of expression of 
FIGURE 5. rAd induces polyfunctional memory CD8
ϩ T cell responses. The DC subsets were exposed to rAd5-pp65 and rAd35-pp65 for 24 h at 1, 10, or 100 ip/cell before 6 h of coculture with autologous sorted T cells. A, Bars show total frequencies of responding (IFN-␥, TNF-␣, IL-2, MIP-1␤, CD107a expressing) pp65-specific CD8 ϩ T cells. rAd35-pp65 exposure of either MDCs or PDCs induced a greater magnitude of pp65 responses than did rAd5-pp65 exposure. After exposure to rAd5-pp65 but not rAd35-pp65, MDCs were superior to PDCs at inducing CD8 ϩ T cell responses. B, The portions of the pies represent the 31 combinations of responses and are shown grouped by number of functions: 5 (red); 4 (orange); 3 (yellow); 2 (green); and 1 (blue). MDCs exposed to either rAd5-pp65 or rAd35-pp65 induced a more polyfunctional CD8 ϩ T cell response than PDCs, and one that resembles the response induced by the overlapping (OL) pp65 peptide stimulation. There was no difference between the qualities of the CD8 ϩ response induced by rAd5-pp65 and rAd35-pp65. adenoviral products by these vectors, low to undetectable T cell responses were observed when MDCs and PDCs exposed to rAd5 or rAd35 not expressing pp65 were used in the assays (data not shown).
Polyfunctional T cell responses are stimulated by DCs using rAd-derived Ags
As mentioned above, we used polychromatic flow cytometry to examine the functional profile of the induced T cell responses by analyzing several effector markers (CD107a mobilization, IFN-␥, MIP-1␤, TNF-␣, and IL-2) simultaneously (22) . By this assay, we can investigate whether the responding T cells are expressing a single or several of the effector markers combined. The responses found in the cultures stimulated by overlapping peptides were used as the highest standard for polyfunctional activation. MDCs exposed to rAd35-pp65 induced a higher proportion of polyfunctional T cells than did PDCs (Figs. 5B and 6B ). This was evident for both CD8 ϩ and CD4 ϩ T cell responses ( p ϭ 0.0005 and p ϭ 0.012, respectively). Due to the low frequencies of responding T cells after PDC stimulation, we could not statistically determine whether there was a difference between MDCs and PDCs in stimulating polyfunctional T cell responses after rAd5 exposure.
In summary, the T cell responses generated after rAd35-pp65 exposure of both MDCs and PDCs were of significantly higher magnitude than after similar doses of rAd5-pp65 exposure. Furthermore, MDCs stimulated more polyfunctional T cell responses after both rAd5 and rAd35-pp65 exposure than did PDCs.
Discussion
DCs have a central role in priming immune responses and are therefore of special interest for vaccine targeting. Viral vectors that efficiently infect and cause maturation of DCs in vivo may induce optimal vaccine responses. Currently, vaccines based on a serotype 5 rAd platform are being tested in several clinical trials. However, this serotype is inefficient in its ability to infect in vitro differentiated human DCs (8 -10, 34) . The reason for this may be the lack of expression of the primary receptor for Ad5, CAR (10). In contrast, monocyte-derived DCs, epidermal DCs (e.g., Langerhans cells), and dermal DCs express CD46, the high-affinity receptor for rAd35, and are therefore more easily infected with rAd35 than with rAd5 (28, (35) (36) (37) (38) . Here, we show that the distinct DC subsets (primary MDCs and PDCs) isolated directly from blood also lack cell surface CAR expression yet express high levels of CD46. Furthermore, MDCs and PDCs are highly susceptible to infection by rAd35. Exposure of rAd35 but not rAd5 leads to induction of high levels of IFN-␣ in PDCs and phenotypic differentiation in both DC subsets. In addition, both MDCs and PDCs can efficiently use Ags expressed as inserts by rAd35 vectors to activate high frequencies of Ag-specific polyfunctional CD4 ϩ and CD8 ϩ T cell responses. When one also considers that there is low worldwide seroprevalence to Ad35, our findings strongly suggest that rAd35 may be a superior Ad serotype to use for vaccine development.
The immunogenicity of vaccines based upon rAd5 and rAd35 have been tested in mice and nonhuman primates (37, 39) . In general, the primary immune responses generated by immunization with rAd35 have not exceeded the responses seen with rAd5. In the current study, we show that rAd35 uses CD46 to infect human primary PDCs and MDCs whereas rAd5 may enter via a CARindependent pathway. Although mice are a good animal model for testing the immunogenicity of rAd5-based vaccines, they lack expression of CD46, limiting their use in testing the immunogenicity of rAd35-based vaccines (35, 40) . In addition, nonhuman primates (but not humans) express CD46 on erythrocytes that may affect the distribution and access to APCs of rAd35 vectors injected into monkeys (41) . For instance, the almost ubiquitous expression of CD46 on monkey hemopoietic cells may misdirect rAd35 into cell types not involved in the elicitation of immune responses. Therefore, rAd35 may perform less well in mice and monkeys than it might in humans due to the differences in CD46 receptor expression in these three species.
However, despite high expression of CD46 on all cells tested (MDCs, PDCs, monocytes, T cells, and B cells), we found that only DCs and monocytes were susceptible to rAd35 infection in vitro. This may mean that only cells with active endocytic pathways are susceptible to Ad35, that other receptors are involved, or that there are postentry blocks to infection in some cells (42) . The integrins ␣ V ␤ 5 and ␣ V ␤ 3 are known to be involved in the entry of some adenoviruses (43) . We found that all cell populations that we tested expressed these integrins (data not shown), excluding the possibility that the expression level of these receptors would account for the differences in susceptibility. Also, we found that although rAd35 infects the DC subsets much more efficiently than rAd5, high level infection can induce more cell death. This may result in a shorter time exposure to Ag after rAd35 immunization than with rAd5 immunization. Careful dose-response studies in vivo could elucidate the impact of dose and induction of cell death on the immunogenicity of rAd5 and rAd35-based vaccines.
We found that exposure of rAd35 but not rAd5 induced full phenotypic maturation of both MDCs and PDCs. Furthermore, rAd35 but not rAd5 induced high levels of IFN-␣ by PDCs as has been reported earlier (44 -46) . Although there may be other yet unstudied activation factors and/or functions that rAd5 induces, our data indicate the rAd35 is superior to rAd5 at inducing DC functions that are associated with the stimulation of immune responses. DC maturation is important for optimal Ag presentation and type I IFNs play a role in the induction of antiviral responses. Although PDCs have a unique capacity to produce high levels of type I IFNs, recent data indicate that PDCs also play an essential conditioning role on MDCs which can be mediated by type I IFNs (25) (26) (27) . Type I IFNs are potent antiviral cytokines but the production of IFN-␣ by PDCs in response to rAd35 exposure did not appear to limit the level of rAd35 infection in the cells which is in line with earlier report (45) . Despite high IFN-␣ production, the infection rates found after rAd35 exposure of PDCs were much higher than with rAd5 exposure. The mechanism(s) underlying these differences in the ability of rAd5 and rAd35 to provoke DC functions need further investigation. Because the rAd35-induced IFN-␣ production was abolished when the infection was blocked by neutralizing anti-CD46 Ab, the effects triggered by rAd35 are likely due to ligation of intracellular pathways rather than receptor binding alone. Intracellular TLR engagement by structures of Ad35 could be responsible for the induction of cell activation. Viral CpG motifs present in large dsDNA viruses such as CMV and HSV have been shown to activate murine PDCs via TLR9-dependent pathways (47) (48) (49) , and rAd35 has been shown to induce IFN-␣ in human PDCs presumably via TLR9 ligation, given that IFN-␣ induction was dependent on the presence of viral DNA and endosomal acidification and was blocked by TLR9-inhibitory oligonucleotides (46, 50) . Because human MDCs do not express TLR9, yet we found that they phenotypically matured by rAd35 exposure; other activation pathways must also be operative. Consistent with this idea, murine MDCs (e.g., conventional DCs) can be activated and differentiate in response to rAd in a TLR9-independent manner as demonstrated using DCs from TLR9-deficient mice (51) (52) (53) , although the mechanism behind TLR-independent recognition of dsDNA is not yet fully understood (54) .
Despite the difference in induction DC maturation and IFN-␣ production between rAd5 and rAd35, we found that the DC subsets were able to use Ags (CMV) encoded by either rAd5 or rAd35 for stimulation of Ag (CMV)-specific T cell responses. These data provide evidence that direct targeting of DCs with either rAd vector leads to Ag presentation. After entry into the cell, endosomal acidification allows the rAd to penetrate the cytoplasm and traffic to the nucleus. Ad-derived proteins are thereafter produced, processed, and presented in association with MHC class I on the cell surface. Efficient MHC class I presentation of Ad-derived Ag is required for CD8 ϩ T cell activation. The pathway for the presentation of endogenously produced Ag and presentation on MHC class II with subsequent stimulation of CD4 ϩ T cells remains unclear. The source of Ag may be from alternative processing of internally produced Ad-derived Ag or uptake and exogenous processing of Ag released from other Ad-infected cells. We used CMV pp65 as a model Ag inserted in the genome of rAd5 and rAd35 to examine Ag presentation by DCs and activation of preexisting Ag-specific T cells. We found that both rAd5-pp65 and rAd35-pp65 exposure of either DC subset activated pp65-specific CD8 ϩ T cells. Exposure of rAd35-pp65 stimulated higher frequencies of pp65-specific T cells than did rAd5-pp65. This may simply be an effect of the fact that more DCs were infected with rAd35 than rAd5 and therefore more DCs presented Ags. It can also relate to the fact that the DCs exposed to rAd35 differentiated to a more mature phenotype and therefore were more efficient at activating T cells. We have found in earlier studies that IFN-␣ levels produced by PDCs have minimal effects on the activation of pre-existing memory T cell responses in vitro in our coculture model, which is why that is an unlikely reason for the functional differences found between the vectors (11) . We can only speculate whether it is the higher maturation or the higher transduction efficiency by rAd35 that is leading to higher number of responding CMV pp65-specific T cells, because the exact numbers of pp65-expressing DCs after Ad-pp65 exposure were not investigated here (28, 35, 51) . We used expression of GFP after infection with comparable doses of rAd5 and rAd35-GFP to obtain insight into whether the numbers of Ag-expressing DCs were the primary determinant of T cell stimulation efficiency. Our results suggest that rAd35-infected DCs are not more efficient at stimulating memory T cells than rAd5-infected DCs on a per cell basis. Importantly, because activation of naive rather than memory T cells is more dependent on receptor ligation and the correct cytokine milieu, it is possible that the two rAd vectors would have different efficiencies in generating primary T cell responses. Such information would of course provide highly relevant information for vaccine design.
In conclusion, we show that rAd35 more than rAd5 infects and activates primary DC subsets that in turn stimulate T cell responses. Phase I clinical trials of rAd35-based vaccines will be needed to determine whether these potentially desirable characteristics of rAd35 will translate into better immunogenicity in vivo.
